The importance of the concentration factor in structurization processes and in the breakdown dynamics of aqueous TiO 2 dispersions was demonstrated in the presence of anionic sodium dodecylbenzenesulphonate. A correlation was obtained between the critical concentration volume filling associated with structurization and the coordination number of the titanium(IV) dioxide dispersions. An analysis of the results obtained was made using the flow theory of aggregation systems.
INTRODUCTION
The dynamic state of highly concentrated disperse systems depends on the degree and conditions of structure disruption. Depending on the type and intensity of the external forces, the development of macroscopic 'quasi-phases' such as particle aggregates and solid-like layers is characteristic for disperse systems in a dynamic state (Uriev 1998) . The size and density of the aggregates and layers depend on the shape of the primary particle, the state of the surface and the degree of aggregate disruption. These factors also govern the effective viscosity of disperse systems in the dynamic state (Uriev 1980 (Uriev , 1998 Uriev and Potanin 1989) . Moreover, it is known that the rheological properties of such systems are strongly dependent on the physicochemical characteristics of the solid phase/disperse medium interface. These characteristics are determined by the nature of the medium and of the disperse phase surface and can be controlled by the introduction of various additives, in particular surfactants (Rebinder 1978) .
EXPERIMENTAL

Materials
In the present work, the disruption dynamics of TiO 2 dispersion structures have been studied in the presence of various solid phase contents and disperse medium compositions. The volume fraction of TiO 2 (f) was varied from 0.026 to 0.320 and measurements undertaken in aqueous solution with and without added surfactant.
The titanium dioxide (rutile) powder RCL-2 (Dupont, USA) employed had an average particle size of 0.23 mm as measured by electron spectroscopy and a specific surface area (S BET ) of 8.2 m 2 /g as measured by BET methods. Atlas G-3300 (Atlas Chemical Co, USA) anionic sodium dodecyl- † First presented at the 5th Ukrainian-Polish Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Application, Odessa, Ukraine, 4-9 September, 2000. *Author to whom all correspondence should be addressed. E-mail: soltys@franko.lviv.ua. benzenesulphonate, C 12 H 25 C 6 H 4 SO 3 Na (SDBS), in which the active component had a mass fraction of 0.9, was used as the modifier, the SDBS concentration being varied from 1.44 × 10 -5 to 2.01 × 10 -2 mol/l.
Methods
Rheological measurements were undertaken on a Rheotest 2.1 (Prüfgeräte, Medingen, Germany) rotational viscometer at deformation rates (D r ) in the range 3.0-1312 s -1 and at a temperature of 293 K. The experimental error in such measurements was ±4%. Homogenization of the various mixtures employed was achieved mechanically.
RESULTS AND DISCUSSION
Surfactant-free systems
Plots of the deformation rate (D r , s -1 ) versus shear stress (t r , Pa) for TiO 2 dispersions at different solid phase concentrations but in the absence of surfactant are depicted in Figures 1 and 2. It will be seen from these plots that the rheological behaviour of the TiO 2 dispersions depended mainly on their solid phase volume fraction, f. Thus, at f = 0.026-0.045, the dispersions exhibited properties associated with slightly structured systems exhibiting quasi-Newtonian flow (Figure 1 , curves 1 and 2). However, as f approached a value of 0.124, pseudo-ductile flow was observed (Figure 1 , curves 3-5) whilst at f 0.164 the rheological behaviour changed substantially (Figure 2 , curves 1-4), with the system starting to flow only at a critical shear stress t < Pk 1 , where Pk 1 is regarded as the conventional static flow limit (Rebinder 1979) . The system exhibited viscoelastic behaviour at shear stresses not exceeding the structural network strength. However, when the shear stress increased further, avalanche-like disruption of the network occurred with the effective viscosity of the system decreasing by one to two orders of magnitude over a narrow interval of shear stress (Figure 3 , curves 6-9) and with flow resulting in the emergence of discontinuities (Rebinder 1979; Uriev and Potanin 1989; Uriev 1998) . Such discontinuities are associated with a change in the sign of the derivative of the effective viscosity (dh eff /dt r > 0) and by a decrease of several orders of magnitude within a relatively narrow interval of shear stress as far as the viscosity is concerned (Figure 3 , curves 6-9). The reverse rheological curve demonstrated that the shear stress needed to induce flow in the region of the rheological anomaly was much smaller than that responsible for the initial breakage of the structure (Rebinder 1979; Uriev and Potanin 1989; Uriev 1998) .
Plots of the dependence h eff versus t r for relatively low concentrations of TiO 2 (f = 0.026-0.124) expressed as a logarithmic representation gave straight lines of negative slope (Figure 3 , curves 1-5). This observation supports the above statement concerning the pseudo-ductile character of the system flow and suggests that the structural network resulting from coagulation contacts was disrupted at minimal shear stresses. At f = 0.164-0.320, the logarithmic dependence of h eff versus t r exhibited a quasi-horizontal step whose length increased at higher solid phase contents (Figure 3 , curves 6-9). Such a feature is typical of equilibrium disruption in a system, i.e. at this composition the system possessed a relatively stable structure whose parameters did not change over a fairly wide range of shear stress.
The results obtained may be discussed in terms of the flow theory for weakly and highly aggregated systems as developed by Uriev and Potanin (Uriev and Potanin 1989; Potanin et al. 1989; Uriev and Choj 1993) . According to this theory, the effective viscosity h eff for systems in different states of aggregation depends on the deformation rate D r according to: where n is the degree of aggregation. The quantity n is equal to 0.5 for weakly aggregated systems while n ® 1 for highly aggregated systems. Disruption of the system follows the scheme: superaggregates ® higher-order aggregates ® lower-order aggregates. Figure 4 illustrates the rheological measurements for TiO 2 in the absence of surfactant expressed in terms of the logarithmic coordinates of equation (1). Values of the power n calculated from this equation are listed in Table 1 . The results obtained suggest that the nature of the dependence log h eff versus log D r and the value of the power n depend significantly on the solid phase content in the dispersions under study. Thus, at relatively low concentrations of TiO 2 (f < 0.124) ( Figure 4 , curves 1-5), the dependence was linear and thereby suggested that TiO 2 at such concentrations may be regarded as a weakly aggregated system. In this case, the power n varied over the range 0.5-0.7 (Table 1) , so that the sizes of aggregates formed as a result of intermolecular interactions did not change significantly with deformation. At higher volume fractions of the solid phase (f = 0.164-0.320), the behaviour of the system could not be described by a single straight line at all values of D r , thereby suggesting unambiguously that a change in the degree of aggregation of the TiO 2 dispersion must have occurred as the deformation rate increased. Indeed, two regions for small (D r = 3.0-81.0 s -1 ) and high (D r = 145.0-1312 s -1 ) deformation rates may be distinguished over the initial and final ranges of the rheological curves for TiO 2 dispersions where the experimental data may be safely approximated by linear dependencies having different k and n parameters ( Table 1) .
As shown by Uriev and Potanin (1989) , the power n in equation (1) is a parameter which represents the fractal structure of the network in a coagulated system, i.e. it is a measure of the structural elements in an aggregate network.
Other workers (Bohlin 1980; Makarov and Gamera 1988; Titov et al. 1993 ) have regarded flow 
Equation (2) allows the values of z to be calculated from the experimental results. Thus, when f = 0.023-0.124, the value of z varied within the range 1.0-4.0. At the highest degree of filling examined, z increased to an anomalous value equal to 6-7. Jaremko and coworkers Jaremko 1999 ) have shown that the higher the magnitude of the coordination number, the higher the volume content of the kinetic flow units. An increase in the coordination number of the disperse particles with increasing volume filling (coupled with the presence of surface spheres on the particles) reinforces this dependence. The properties of disperse systems are also determined by the coagulation structure. Thus, the coordination number of the structural element must not be less than three for a system to form a three-dimensional continuous network. Hence, at f £ 0.086, the systems under study were highly aggregated and had developed three-dimensional coagulation networks.
It may therefore be concluded that the formation of a continuous three-dimensional coagulation network is highly improbable at f £ 0.086. If the network is formed under static conditions, it is then a primary coagulation structure which may be disrupted easily at minimal shear stress. However, at higher degrees of filling, the situation is completely different. In this case, due to an increase in particle concentration and a decrease in the effective distance between the particles, the formation of a secondary coagulation structure is possible. This is also supported by the results of the present study; when the degree of filling was in this region (f 0.086), the coordination number z was very much greater than three and attained values of 6-7.
Surfactant-containing systems
It was interesting to investigate the effect of surfactants on the rheological behaviour of the system under study. Thus, it is known that the presence of a surfactant can change the character of flow in a mineral dispersion quite dramatically by eliminating layering and discontinuities (Degtjarenko 1993) . We have thus studied the influence of sodium dodecylbenzenesulphonate (SDBS) which is known to be a highly effective dispersing and stabilizing agent for mineral suspensions. Figure 5 shows plots of the effective viscosity (h eff ) versus shear stress (t r ) for modified TiO 2 dispersions at a given solid phase volume fraction f and different SDBS concentrations. The results obtained suggest that the general trend regarding the influence of the filler volume fraction on the rheological behaviour of TiO 2 observed for surfactant-free systems was conserved in the presence of SDBS. However, it should also be noted that at small degrees of filling (f = 0.045-0.124) and SDBS concentrations in the range C SDBS = 1.44 × 10 -5 -1.44 × 10 -4 mol/l, i.e. much below the value of CMC I for SDBS [@ 1.5 × 10 -3 mol/l (Jacyshyn et al. 1997; Zakordons'kyj et al. 1997 )], SDBS acted as a structuring agent [see Figures 5(a) -(e), curves 1-4]. This may be explained in terms of the increase in hydrophobic interactions in the dispersions as a result of adsorption layer formation by separate molecules of the surfactant (Rebinder 1978 (Rebinder , 1979 . This is the determining factor in dispersion structuring.
At SDBS concentrations above CMC I (C SDBS 1.44 × 10 -2 mol/l), SDBS behaved as a stabilizing agent [see Figures 5(a) -(c), curves 4-6]. Under such conditions, an increase in the SDBS concentration led to surface hydrophilization of the TiO 2 particles and thereby suppressed the structuring processes in the system and led to a sharp decrease in the effective viscosity of the dispersions. This may be clearly inferred from the general dependence of the maximum value of the effective viscosity, h m e a f x f (obtained for D r = 16.2 s -1 ), on the SDBS concentration ( Figure 6 ). The results of such structural/mechanical studies have been compared with adsorption data (Jacyshyn et al. 1997) . Thus, the number of moles of SDBS introduced into a dispersion were compared to the amount of SDBS bonded with the TiO 2 surface at adsorption equilibrium (A sp = 3.2 × 10 -6 mol/m 2 ). Calculations were performed at two values of the initial SDBS concentration (1.44 × 10 -3 and 1.44 × 10 -2 mol/l) for dispersions with a solid phase volume fraction f = 0.1 (i.e. 10 g TiO 2 per 20 ml SDBS solution). Thus, at C SDBS = 1.44 × 10 -3 mol/l, the number of moles of SDBS in the system was 2.88 × 10 -5 , while at C SDBS = 1.44 × 10 -2 mol/l this quantity was 2.88 × 10 -4 mol. If account is taken of the total surface area of the solid phase (S TiO2 = 8.2 m 2 /g × 10 g = 82 m 2 ) and the extent of SDBS adsorption at equilibrium (A sp = 3.2 × 10 -6 mol/m 2 ), the number of moles of SDBS bonded to the TiO 2 surface under adsorption saturation conditions was 2.62 × 10 -4 mol.
It is clear from the results obtained that at an initial SDBS concentration of 1.44 × 10 -3 mol/l, the amount of surfactant in the system was an order of magnitude less than that necessary for the formation of a saturated adsorption layer and that only at C SDBS = 1.44 × 10 -2 mol/l was the concentration sufficient to achieve saturation. Hence, it is not unreasonable to assume that a saturated adsorption layer (i.e. complete coverage of the surface of the TiO 2 particles with surfactant molecules) could only be formed at SDBS concentrations not less than 1.44 × 10 -2 mol/l. However, at limiting degrees of filling (f = 0.159-0.191), the influence of the SDBS concentration levelled off and the solid phase content became the determining factor [see Figures 5(d) and (e), curves 1-6]. Under these circumstances, irrespective of the SDBS concentration, the rheological curves retained anomalous flow characteristics, i.e. discontinuities of the sort which are specific for highly concentrated aqueous dispersions of TiO 2 without addition of modifier. At higher shear stresses (over the narrow region t r = 700-1100 Pa), avalanche-like disruption of the structure again occurred with h eff decreasing by three orders of magnitude to ultimately reach a 'plateau' value characterized by the emergence of a distinct step where the dispersion viscosity was virtually constant at 400-500 mPa s over the shear stress interval 1000-2700 Pa. Increasing the shear stress up to t r 3000 Pa led to further disruption of the structure until a completed disrupted state, h m e a f x f , was achieved at D r = 1312 s -1 [Figures 5(d) and (e), curves 1-6]. According to theories of weakly and highly aggregated systems, modified TiO 2 dispersions at f £ 0.124 are weakly aggregated. The degrees of aggregation n [equation (1)] listed in Table 1 indicate that for these systems the value of n lay in the interval 0.5-0.7, thereby demonstrating that disruption of such dispersions did not lead to strong changes in the structural organization of the system elements. However, for systems with high filler contents (f 0.159), the degree of aggregation n tended to unity. In these cases, weak highly aggregated solid-like structures were formed whose disruption was governed by the mechanism: super-aggregates ® higher-order aggregates ® lower-order aggregates. A change in the geometry and dimensions of the kinetic flow units also occurred with a sharp increase in the coordination number z being observed (z = 5.5-6.9) ( Table  2 ). This fact also suggests the formation of a strong three-dimensional network. Figure 7 illustrates the distinct influence of the solid phase concentration and dispersion phase content on the values of the effective viscosity over the region of disruption (D r = 1312 s -1 ). The figure shows that solid phase concentration limits existed where the influences of the solid phase and the dispersion phase content were quite different. Thus, over the concentration interval C SDBS = 1.44 × 10 -5 -2.87 × 10 -3 mol/l, which includes aqueous dispersions without the addition of modifier, the effective viscosities of different dispersions at the same value of f differed very little in magnitude. Hence, one may conclude that under these circumstances the systems being investigated (Figure 7 , curves 1-5) may be represented to within experimental error (± 4%) by a single monotonic exponential dependence: Figure 7 . Dependence of the minimum effective viscosity (h eff , mPa s) at D r = 1312 s -1 on the solid phase concentrations f at different SDBS concentrations (mol/l): curve 1, 1.44 × 10 -5 ; curve 2, 1.44 × 10 -4 ; curve 3, 1.44 × 10 -3 ; curve 4, 2.87 × 10 -3 ; curve 5, H 2 O; curve 6, 1.44 × 10 -2 ; and curve 7, 2.87 × 10 -2 .
where h 0 is the viscosity of the dispersion medium, h eff is the dispersion viscosity at high stress (D r = 1312 s -1 ), f is the solid phase volume fraction and a is a parameter which represents the interaction between the TiO 2 particles themselves and between the particles and the dispersion medium. The value of parameter a at C SDBS £ 2.87 × 10 -3 mol/l was almost constant for the systems studied and was equal to ca. 0.23. A completely different situation exists for TiO 2 dispersions at C SDBS 1.44 × 10 -2 mol/l. In this case, the solid phase content had a significant influence on the behaviour of the dispersion and two distinct intervals could be found in the h eff versus f dependence (Figure 7, curves 6 and 7) . The minimal viscosity at the deformation rate D r = 1312 s -1 remained virtually constant when f was increased to 0.159 (i.e. from f = 0.026 to f = 0.124) and the relationship may be described by a linear dependence. When the solid phase content f was increased further, the h eff versus f curve exhibited a distinct bend, i.e. the viscosity of the suspension increased considerably even for small increments in the solid phase content. This behaviour suggests an abrupt intensification of the aggregation processes in the system when a particular degree of filling was attained. The value of f at which this abrupt increase occurred in the strength of the structural network may be regarded as CCS 2 , i.e. the second critical concentration for structure formation.
In our view, h versus f behaviour of this kind is the result of interparticle concentration in the system leading to a sharp increase in the interparticle interaction energy. Thus, on calculating the distance H between particles in low and high filler content systems, it was found that the results obtained correlated well with those for the rheological measurements. At low degrees of filling for TiO 2 dispersions (f = 0.026-0.045), H @ 10 -7 m which corresponds to the secondary minimum min min min min min position in aqueous mineral dispersions (Derjagin et al. 1986 ). For highly concentrated systems (f 0.159), the distance between the particles reaches the minimum value possible and H @ 10 -9 m, i.e. the position of the primary minimum in the interaction energy. In this case, disruption of the adsorbed layers occurs and a strong coagulation network is formed.
CONCLUSIONS
It has been shown that, for TiO 2 dispersions modified with an anionic surfactant (sodium dodecylbenzenesulphonate, SDBS), a limiting degree of filling (f = 0.159) exists above which the influence of the dispersion medium content is suppressed. Under these circumstances, interparticle interactions determine the behaviour of the system, i.e. the concentration determines both the processes of structures formation and the dynamics of disruption of the TiO 2 dispersion. In this case, the disperse structures so formed are secondary coagulation structures.
Analysis of the results using the theory of flow in an aggregated system revealed that, at relatively low TiO 2 contents (f < 0.086 for the aqueous solution in the absence of modifier and f £ 0.124 for the system modified with SDBS), the dispersions displayed a character similar to weakly aggregated systems for which disruption does not proceed by structural reorganization of the system elements.
In contrast and independent of the composition of the disperse medium, highly concentrated systems were highly aggregated and their disruption followed the mechanism: super-aggregates ® higher-order aggregates ® lower-order aggregates.
